Spot-defect mirrors were fabricated by focusing laser pulses on the surface of conventional dielectric mirrors. These mirrors were used as rear mirrors of a He-Ne laser cavity for generating a vortex beam. The intensity distribution of the beam generated from the cavity with a spot diameter of 50 μm was in excellent agreement with theory. Comprehensive analysis of the intensity distribution, the beam quality factor, and the interference pattern revealed that the beam obtained was a purely single transverse mode LG 01 beam.
Introduction
Laguerre-Gaussian (LG) beams have been highlighted due to its dominant feature of carrying optical angular momenta in singular optics [1] . They have brought about many applications such as optical spanners for driving micromachines, quantum information processing [2] , superresolution microscopy [3] , and microneedle fabrication [4] . To enhance the validity of these applications, the generation of a stable and high-quality LG mode beam is inevitable.
LG beams can be produced by extracavity methods such as a mode converter composed of a pair of cylindrical lenses [5] , computer-generated holograms [6] [7] [8] , diffractive optics [9] , an adaptive helical mirror [10] , and a spatial light modulator [11] . However, the misalignment and the imperfection of the optical elements gave rise to the degradation of LG beams. By contrast, direct generation from a laser cavity is expected to improve the beam quality due to an inherent feedback effect in the cavity. Although many attempts have been reported, for example, a ring-shaped beam pumping [12] , the thermal lensing effect in a diode-side-pumped bounce laser cavity [13] , the insertion of a spiral phase plate [14] , and the use of a circular absorber [15] [16] [17] , most of them have merely reported the generation of the LG beam without a detailed evaluation of the beam purity and quality. Recently, we have demonstrated the generation of LG beams from a Nd : yttrium aluminum garnet (YAG) laser cavity using a spot defect mirror [18] . This method is simple, robust, and applicable to many laser systems. In addition, a Gaussian mode will be strongly suppressed by properly choosing a diameter of the defect leading to the generation of a pure single transverse mode.
In this paper, we demonstrate the generation of a purely single transverse mode LG beam from a He-Ne laser cavity with a spot defect mirror. For mirrors with different spot diameters, comprehensive analysis was performed for the intensity distribution, the beam quality factor, and the observed interference pattern. The generation of a purely single transverse mode LG 01 beam was verified.
Experimental Setup
Spot defect mirrors were fabricated by focusing Ti:Sapphire laser pulses near the surface of a conventional dielectric multilayer mirror. A circular part of the multilayer coating on the mirror surface was ablated to create a spot defect with low reflectivity. By changing the distance between the mirror surface and the focus, spot defects with different diameter d, of 13, 20, and 50 μm were fabricated. Figure 1(a) shows a photograph of the fabricated spot defect mirror. A small spot defect exists in the center of the mirror though it is hardly recognized in the photograph. The inset of Figure 1 spot is a nearly perfect circle with a diameter of 20 μm. The shape of other spot defects has similar circularity. were 600 mm and 98.9%, respectively. Intensity distributions of the laser beams were recorded by a beam profiler. Polarization was verified from the intensity distributions after passing through a linear polarizer. Optical power was measured by an optical power meter.
To align the spot defect just on the cavity axis, the position of the RM was adjusted in the following procedure. First, a normal laser oscillation without a spot defect was achieved by putting the spot defect off the cavity axis. Then, the mirror was carefully moved to make the center of the spot defect coincide with the cavity axis. When the center of the spot defect is exactly on the cavity axis, the generated beam pattern drastically changed. This procedure was readily conducted by manually translating the X-Y mechanical stage.
Note that the spot defect located on the beam axis is expected to readily generate a doughnut-like beam [18] . In addition, the Brewster plate inside a He-Ne laser cavity ensures the linear polarization. Under this condition, the most probable beam is a linearly polarized LG beam with an optical vortex. Figure 2 shows the intensity distributions of the generated beams for different d. Note that all the beams were linearly polarized in the horizontal direction owing to the Brewster windows of the discharge tube. Without a spot defect (d = 0 μm), a Gaussian beam was obtained as shown in Figure 2 To evaluate the transverse mode purity of the generated laser beam, two-dimensional fitting analysis to the recorded intensity distribution was performed. A superposition of theoretical intensity distributions of a Gaussian [I 00 (x, y)] and LG 01 mode [I 01 (x, y)] was adopted as a fitting function I(x, y) and is given by I x, y = C 00 I 00 x, y + C 01 I 01 x, y + BG,
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where C 00 and C 01 represent power fractions of a Gaussian and a LG 01 mode beam, respectively, and BG is background intensity. An intensity distribution of a LG pm mode beam is the square of the absolute value of its complex amplitude, which is expressed in the cylindrical coordinate (r, θ, z) as is the generalized Laguerre polynomial. Note that fitting analysis was performed in the Cartesian coordinate system. Complex amplitude u pm (r, θ) was transformed into u pm (x, y) by using following relationships x = r cos(θ) and y = r sin(θ). By the twodimensional fitting, the parameters including C 00 , C 01 , BG, center position, and the beam radius were determined. Twodimensional analysis enables direct and rigorous comparison between the theoretical profiles and the observed patterns avoiding ambiguity caused by an intentional selection of an intensity profile for the one-dimensional fitting. The phase structure (spiral phase front) of the beam generated for d = 50 μm was confirmed by measuring an interference pattern with a reference plane wave using a Mach-Zehnder interferometer. Figure 6 shows a schematic of a Mach-Zehnder interferometer. The output beam from the He-Ne laser cavity with a spot defect mirror was divided into two beams by a beam splitter. The upper beam shown in Figure 6 was expanded by a beam expander (BE) with a pair of lenses, clipping a small portion of the beam through a small aperture and then expanded again by a BE to generate a reference plane wave. At the camera position, the reference beam had a Gaussian-like intensity distribution with some fringes due to diffraction by the aperture. In the lower arm, International Journal of Optics the wave front of the signal wave was converted to a spherical one by a planoconvex lens with f = 100 mm. The imperfection of the contrast of the interference pattern and the continuity of the spiral in Figure 7 (a) compared with Figure 7 (b) may be attributed to the distortion of the reference wave generated by clipping a small portion of the LG 01 mode beam through many optical elements as shown in Figure 6 . The comparison of power fraction of LG 01 mode to higher order modes may be suitable to discuss the mode purity of the beam generated in this experiment. The power fractions of LG 01 mode generated by using a computer-generated hologram and diffractive optics have been reported to be 93% [8] and 92.9% [9] , respectively. Following Kennedy et al. [9] , the power fraction in our case was calculated to be 96.5%, which is much higher than those ever reported indicating that the mode purity of the LG 01 mode obtained in this experiment was quite high. In this calculation, higher order modes up to 6th order were considered.
The generated LG 01 mode was quite stable. The doughnut-shaped intensity pattern was maintained over several hours. Mechanical vibrations produced in a normal laboratory resulted in no notable effects in our experimental condition in which the laser cavity was constructed on a vibration isolated table. The helicity of the LG 01 beam mode was robust against a slight change of the alignment of the cavity mirrors. In addition, the LG 01 beam with the same helicity was reproducibly generated after switching off and on the power source of the discharge or inserting an obstacle into the cavity to stop the oscillation. The stability and reproducibility observed here have been reported for a Nd : YAG laser cavity with a spot defect mirror [18] .
A beam radius w on the RM was estimated to be 0.246 mm by the ABCD matrix formalism. The ratio of the spot defect diameter (d = 50 μm) to the beam diameter [= d/(2w)] was 0.102 in contrast to 0.207 observed for a Nd : YAG laser [18] . This difference can be attributed to the smaller gain of a He-Ne laser compared to a Nd : YAG laser.
Conclusion
Spot defect mirrors with the diameters d of 13, 20, and 50 μm were fabricated by focusing laser pulses on the surface of commercially available dielectric mirrors used as rear mirrors of a He-Ne laser cavity. With increasing d, the intensity distribution of the generated beam changed from a Gaussian beam to a doughnut-shaped pattern. The intensity distribution obtained for d = 50 μm was in excellent agreement with that of a LG 01 mode beam. The beam quality factor also agreed well with the theoretical value of a LG 01 beam mode. The spiral interference pattern indicates that the generated beam had an exp(−iθ) phase-front structure. By the careful analysis of the intensity distributions, the value of a beam quality factor, and observed interference pattern, the beam was verified to be a purely single transverse LG 01 mode beam.
